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ABSTRACT 
Titanium a l l o y  powders Ti-6A1-4V and Ti-5A1-2.4Sn made by f i v e  
d i f f e r e n t  techniques were compared wi th  r e spec t  t o  chemistry and 
phys ica l  c h a r a c t e r i s t i c s .  The powders were ho t  pressed over a 
range of temperatures and pressures ,  and the  s o l i d  bodies thus 
formed were f u r t h e r  analyzed and compared. The Rotat ing Elec t rode  
powder-making process was s e l e c t e d  as  the most s u i t a b l e  technique 
f o r  producing the  requi red  low-oxygen powders, and a d d i t i o n a l  
q u a n t i t i e s  of powder were prepared by t h i s  method. Large blocks 
were hot-pressed t o  f u l l  dens i ty  from the  two a l l o y  powders. 
Samples taken from the  blocks were t e s t e d  i n  t ens ion  and under 
p l a i n - s t r a i n  condi t ions  a t  room and a t  cryogenic  temperatures,  i n  
t he  long i tud ina l  and the  t r ansve r se  d i r e c t i o n s .  The powder 
specimens were compared t o  wrought samples t e s t e d  under the  same 
condi t ions  and showed t e n s i l e  p rope r t i e s  equa l  t o  o r  b e t t e r  than  
t h e i r  wrought coun te rpa r t s  a t  a l l  temperatures.  No comparison 
could be made between the  wrought and powder f r a c t u r e  toughness 
specimens, s i n c e  a l l  bu t  one series of t e s t s  produced i n v a l i d  
t e s t  resu l t s .  Recommendations f o r  a d d i t i o n a l  work t o  provide 
v a l i d  f r a c t u r e  toughness condi t ions  a r e  included.  
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PROPERTIES OF POWDERED TITANIUM ALLOYS 
By Gerald Friedman 
Whittaker Corporat ion,  Nuclear Metals Divis ion 
SUMMARY 
Low oxygen (ELI)  Ti-6A1-4V and Ti-5A1-2.5 Sn forged bar  was converted 
t o  powder by the  hydride-dehydride process ,  mechanical a t t r i t i o n i n g  of 
ch ips ,  t he  Rotat ing Elec t rode  Process ,  and by a chemical coreduct ion 
procedure. Evaluat ion of  the  powders showed t h a t  only the  s p h e r i c a l  
powders made by the  Rotat ing Elec t rode  technique r e t a i n e d  oxygen contents  
below 1000 ppm. The i r r e g u l a r  powders made by the  o t h e r  techniques had 
oxygen contents  ranging from 1220 ( a t t r i t e d  c h i p s )  t o  8100 ppm (coreduced).  
The powders were compacted a t  1450, 1650, and 1850°F, 50, 75, and 100 t s i .  
Except f o r  the  coreduced powders, a l l  samples were over  99 percent  dense 
a t  a pressure/ temperature  combination of 75 t s i  and 165OoF, o r  h igher .  
Analysis  of the  var ious  compacts showed t h a t  only those made from the  
Ro.tating Elec t rode  Process powder had not  ox id ized  f u r t h e r .  Excluding 
the  coreduced powder compacts, t h e  oxygen con ten t s  i n  the compacts made 
by the  remaining techniques now ranged from 1570 pprn (hydride -dehydride) 
to. 2800 ppm f o r  one of t h e  a t t r i t e d  powders. 
Tens i le  tes t  r e s u l t s  coupled wi th  the  oxygen ana lyses  led t o  the  
s e l e c t i o n  of the  Rotat ing Elec t rode  Process powder compacts f o r  f u r t h e r  
s tudy.  Heat t r e a t e d  Ti-6A1-4V samples had these  p rope r t i e s :  132-140,000 
p s i  UTS, 124-131,000 YS, 11-10 percent  e longa t ion ,  and 44 - 32 percent  RA. 
For t h e  Ti-5A1-2.5Sn a l l o y ,  t he  comparable va lues  were 122-128,000 p s i  
UTS, 113-118,000 p s i  YS, 11-19 percent  e longa t ion ,  and 26-45 percent  RA. 
Addi t iona l  s e c t i o n s  of the  forged bars  used i n  the  f i r s t  phase of the 
programwere extruded t o  e l ec t rode  s tock  and converted t o  powder by the  
Rotat ing Elec t rode  Process.  The two powder a l l o y s  were then hot  compacted 
i n t o  6-inch by 6-inch by 3-inch blocks a t  1850°F and 70 t s i .  The blocks 
were annealed and then  sec t ioned  i n t o  long i tud ina l  and t r ansve r se  t e n s i l e  
and p l a i n - s t r a i n  f r a c t u r e  toughness specimens. 
w a s  a l s o  prepared from the  as-received forged bar .  
A s i m i l a r  number of samples 
Tens i l e  tes ts  were run  on t r i p l i c a t e  f l a t  s a m p l e s  i n  l ong i tud ina l  
and t r ansve r se  d i r e c t i o n s ,  a t  room temperature ,  -320°F, and -423OF. 
The Ti-6Al-4V powder a l l o y  had mechanical p r o p e r t i e s  i n  both long i tud ina l  
and t r ansve r se  d i r e c t i o n  t h a t  were equal  t o  o r  b e t t e r  than those f o r  t he  
wrought bar.  This  was a l s o  t r u e  f o r  the  Ti-5A1-2.5Sn a l l o y ,  i n  the  t r a n s -  
verse  d i r e c t i o n ,  a t  a l l  t e m p e r a t u r e s .  I n  the  long i tud ina l  d i r e c t i o n  the  
powder a l l o y  p rope r t i e s  were s imi l a r  t o  o r  s l i g h t l y  i n f e r i o r  t o  those o f  
the wrought a l l o y .  
P l a i n - s t r a i n  f r a c t u r e  toughness t e s t s  were performed on notched p r e -  
cracked f l a t  specimens y following the  ASTM recommended p rac t i ce .  
powder Ti-6A1-4V specimens t e s t e d  a t  -423°F produced v a l i d  r e s u l t s .  K 
values  f o r  these  specimens averaged 69,700 p s i 6  i n  the  longitudinaf '  
d i r e c t i o n  and 75,600 psi-\m i n  the  t r ansve r se  d i r e c t i o n .  The t e s t s  of 
t he  wrought coun te rpa r t s  of t hese  specimens were not  v a l i d ,  and so  no 
comparison of f r a c t u r e  toughness p rope r t i e s  between the wrought and powder 
specimens is poss ib le .  
Only the 
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INTRODUCTION 
This r e p o r t  desc r ibes  a program performed t o  eva lua te  the s t r e n g t h  
and toughness of ho t  pressed t i t an ium a l l o y  powders a t  room and a t  cryo- 
genic  temperatures .  The program ob jec t ive  was t o  determine how the  
mechanical p rope r t i e s  of s o l i d  bodies formed from powder would compare with 
wrought specimens of the  same s i z e  and wi th  the  same chemical a n a l y s i s .  
Such information would prove valuable  i n  determining the  usefu lness  of 
powder techniques f o r  t h e  f a b r i c a t i o n  of p a r t s  t h a t  are d i f f i c u l t  o r  
c o s t l y  t o  make by convent ional  techniques.  The b a s i s  f o r  t h i s  expec ta t ion  
was the  b e l i e f  t h a t  t he  powder process would produce f ine-gra ined  s t r u c -  
t u r e s  possessing a h igh  degree of chemical homogeneity and property uni-  
f ormi ty .  
I n  the  f i r s t  p a r t  of t he  program t i t an ium a l l o y  powders made by f i v e  
d i f f e r e n t  techniques were compared. Following a n  eva lua t ion  based on 
powder and s o l i d  c h a r a c t e r i s t i c s ,  one powder type w a s  s e l e c t e d  f o r  use 
i n  the  balance of the  program. Rectangular blocks,  6 inches by 6 inches 
by 3 inches ,  of both a l l o y s  were pressed,  and s a m p l e s  c u t  from the  blocks 
were t e s t e d  a t  room temperature ,  -320"F, and -423°F. 
TECHNICAL PROGRAM 
Sample Prepara t ion  and Tes t ing  
Ti-6A1-4V and Ti-5A1-2.5Sn E L I  grade (Extra-Low I n t e r s t i t i a l  Content) 
forged bars  were purchased by Nuclear Metals. Sec t ions  of each ba r  were 
s e n t  t o  Nuclear Mate r i a l s  and Equipment Corporat ion,  Apollo,  Pennsylvania,  
f o r  conversion t o  powder by both the  hydride-dehydride process (Numec Hyd) 
and by mechanical a t t r i t i o n  (Numec MA). I n  the  former process ,  powder i s  
prepared by enc los ing  the  t i t an ium ba r  i n  a sea l ed  chamber which i s  then 
evacuated and back- f i l l ed  wi th  hydrogen a s  the  chamber temperature i s  
r a i sed .  Whereas t i t an ium is capable  of d i s so lv ing  near ly  8 atomic percent  
of hydrogen a t  600°F, t he  r eac t ed  mass of metal can r e t a i n  only from 0.05 
t o  0.14 atomic percent  hydrogen a t  temperatures below 250OF. The excess  
hydrogen is the re fo re  forced ou t  of s o l u t i o n  a t  t hese  lower temperatures 
and i s  present  as a t i t a n i u m  hydride phase. A t  l e v e l s  above 200 ppm, the 
p r e c i p i t a t e d  hydrogen e m b r i t t l e s  t he  matrix, thus  making poss ib l e  a re la -  
t i v e l y  s i m p l e  crushing opera t ion .  The powder which r e s u l t s  from crushing 
the  t i t an ium hydride i s  then converted back t o  the  metal l ic  s ta te  by a 
subsequent vacuum h e a t  t reatment .  
I n  the  mechanical a t t r i t i o n  process ,  the  forged bar  w a s  machined t o  
ch ips ,  which were then  converted t o  powder i n  a hammer m i l l .  The machining 
and m i l l i n g  opera t ions  were performed i n  a helium atmosphere. 
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Dominion Magnesium, Ltd., Toronto,  Canada (Dom), prepared t e n  pounds 
of Ti-6A1-4V powder by the  coreduct ion of t i t an ium,  aluminum, and vanadium 
compounds. 
Ten pounds o f  Ti-5A1-2.5Sn powder w e r e  procured from the  Penn-Nuclear 
Corporat ion,  Penn, Pennsylvania (Penn) which used a combination gas  impinge - 
ment and mechanical a t t r i t i o n  technique t o  produce powder from t h e i r  own 
s t a r t i n g  s tock.  
Ten pounds of  each a l l o y  powder were prepared a t  Nuclear Metals by 
t h e i r  Rotat ing Elec t rode  Process (RJ3P). Por t ions  of  t he  same forged ba r s  
s e n t  t o  Numec were extruded,  c u t  i n t o  10-inch lengths ,  and f i n i s h  machined 
t o  l-1/4-inch diameter  rods.  The metal rods were loaded i n t o  an 8- foot  
d iameter  tank which was subsequent ly  evacuated and back- f i l l ed  wi th  helium. 
By means of  a glove-port: i n  t h e  tank  w a l l ,  each b a r  was posi t ioned i n  t u r n  
i n  the  chuck of  a high-speed sp indle  i n s i d e  the  tank.  When the  e l ec t rode  
had a t t a i n e d  the  d e s i r e d  r o t a t i o n a l  speed,  an  arc  was s t  between the 
f ace  of  t he  t i t an ium b a r  and a non-rotat ing tungs ten  e l e  de.  The combined 
a c t i o n  of  t h e  a rc  and the  r o t a t i n g  e l e c t r o d e  results i n  formation o f  
s p h e r i c a l  d r o p l e t s  which f l y  of f  from the  e 
f r eeze  i n  f l i g h t  i n t o  s p h e r i c a l  powder par t  
before  they  drop t o  the  f l o o r  of t he  tank. 
Powder eva lua t ion  began with the  t r a n s f e r  of  each o f  t he  e i g h t  powders i n  
t u r n  t o  the  ine r t -gas  glove b Each ten-pound powder l o t  was then  passed 
through a sample s p l i t t e r  so t r ep resen ta t ive  samples could be taken f o r  
t he  var ious  tests. The samples  and the  balance of the powder from each 
vendor were then  removed from the  glove box i n  sea l ed  con ners .  Shadow- 
graphs of  t h e  var ious  powder types  a r e  shown i n  Figure 1. 
*Sealed v i a l s  of  powder were s e n t  t o  an  independent a n a l y t i c a l  labora-  
t o r y  f o r  chemical a n a l y s i s .  Comparing the  r e s u l  (Table I) of the  chem- 
i c a l  a n a l y s i s  w i th  the  appropr ia te  s p e c i f i c a t i o n ,  t :  (1) the  
Dominion Ti-6A1-4V powder i s  g r o s s l y  ou t  o f  s p e c i f i c a t i o n  wi th  respect t o  
oxygen (8100 ppm), c on (940 ppm), h gen (2960 ppm), and vanadium 
t ) .  The high i n  e n t  of t h i s  powder explains  i t s  
mance i n  the  hot  (see below); ( 2 )  only the  
ers  meet ELT s p e c i f i c a t i o n  f o r  t i t a n -  
i u m .  The Numec powders were made from the  same lowcoxygen forged ba r s  t h a t  
Nuclear Metals used, bu t  t he  oxygen l e v e l  i n  Numec's four  powders ranges 
from 1220 t o  1560 ppm, 
*Zedom and Company, Teaneck, New Jersey .  
**MIL-T-9047DY "Titanium Al loy  Bars, Forgl. s, and Forging Stock," 9 June 
1967. 
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d .  Rotating e lectrode  e .  Coreduction 
Figure 1. Titanium a l l o y  powders. 25X 
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TABLE I.- CHEMICAL ANALYSES FOR EIGHT TITANIUM ALLOY POWDERS 
A .  T i  -6A1-4V 
Sample 
M A a . *  . . . . . . . . . . . . .  
REPa . . . . . . . . . . . . . .  
Go-reduced . . . . . . . . . . .  
Hyd". . . . . . . . . . . . . .  
6 inch forged bar  . . . . . . .  
MIL Spec., Ti-6A1-4V . . . . b 
MIL Spec., Ti-6A1-4VY E L I  . . .  
B. Ti-5A1-2.5Sn 
Sample 
REPC . . . . . . . . . . . . .  
Fluid  energy . . . . . . . . .  
H y d d . .  . . . . . . . . . . .  
MAd.. . . . . . . . . . . . .  
6-112 inch forged bar  . . . . .  
1-114 inch ground ba r  . . . . .  
MIL Spec. , Ti-5A1-2.5Sn 
MIL Spec., Ti-5A1-2.5SnY ELI .  . 
A 1  
(%> 
5.84 
5.67 
5 .72  
5.94 
6.31 
5.50- 
6.75 
5.50- 
6.75 
A 1  
(70 
5.25 
5.16 
4.93 
4.98 
5.46 
5.50 
4.0- 
6.0 
4.25- 
5.75 
V 
(% 
4.19 
4.30 
2.70 
4.32 
4.27 
3.50- 
4.50 
3.50- 
4.50 
Sn 
(YO) 
2.49 
2.45 
2.41 
2.40 
2.80 
2 -40 
2.0- 
3.0 
2.0- 
3.0 
Fe 
(%I 
0.16 
0.15 
0.07 
0.21 
0.11 
0.30 
(max) 
(max) 
0.25 
Fe 
(% 
0.20 
0.20 
0.04 
0.07 
0.02 
0.25 
0.50 
(max 
(max 
0.25 
0 
( P P d  
1560 
750 
8 100 
1300 
700 
2000 
(max) 
(max 
1300 
0 
( P e d  
750 
2800 
1380 
1220 
740 
950 
2000 
(max> 
1200 
(max) 
C 
(ppm) 
130 
67 
940 
61 
270 
1000 
(max) 
800 
(max 
C 
( P P d  
27 
96 
2 2  
42 
60 
100 
1500 
(max) 
800 
(max 1 
N 
(PPm) 
189 
14 6 
187 
155 
70 
500 
(max 1 
(max> 
500 
N 
( P P d  
106 
523 
14 9 
19 1 
14 0 
100 
700 
(xnax) 
700 
(max) 
H 
(P Pm> 
98 
58 
2960 
2 13 
16 
150 
(max> 
(max> 
125 
H 
( P P d  
39 
1 8 7  
56 
90 
6 
60 
200 
(max> 
(max) 
125 
a 
bMIL-T-9047, "Titanium Al loy  Bars, Forgings,  and Forging Stock", 9 June 1967. 
These th ree  powders were made from the  6 inch forged bar.  
C Made from 1-114 inch ground bar t o  r ep lace  a c c i d e n t a l l y  contaminated batch of powder 
m d e  f r m  t h e  6-112 inch  bar.  
These two powders made from the 6-112 inch  forged bar .  
(1 
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The f luid-energy mi l led  powder, containing 2800 ppm oxygen, exceeds 
t h e  l i m i t  f o r  s tandard grade Ti-5A1-2.5Sn. 
Based on these  data ,  t h e  powders can be placed i n  t h r e e  c a t e g o r i e s :  
I n  t h e  f i r s t  group are t h e  ELI powders, w i t h  very low oxygen contents .  I n  
t h e  second group a r e  powders w i t h  approximately twice t h e  oxygen i n  t h e  
f i r s t  group; t hese  powders are s t i l l  w i t h i n  s p e c i f i c a t i o n  f o r  normal t i t a n -  
ium a l l o y s .  Powders i n  t h e  t h i r d  group have very high oxygen contents .  
The REP powders f a l l  i n t o  t h e  f i r s t  category,  t he  hydride-dehydride 
and mechanically a t t r i t e d  powders i n t o  t h e  second, and t h e  f luid-energy 
mi l led  and coreduced powders c o n s t i t u t e  t h e  t h i r d  group. 
1 Addi t iona l  samples obtained from t h e  sample  s p l i t t e r  were used t o  
determine flow r a t e ,  apparent  d e n s i t y ,  and p a r t i c l e  s i z e  d i s t r i b u t i o n .  Flow 
r a t e  and apparent  d e n s i t y  determinat ions were c a r r i e d  o u t  i n  accordance wi th  
the  appropr ia te  ASTM s p e c i f i c a t i o n s :  
3 Apparent Density 2 Flow Rate 
(seconds /50g) (g/cc) (z of  theo . )  
1. Ti-6A1-4V 
REP 24 2.72 61.5 
MA N o  flow 1.13 25.6 
HYd 44.5 1.65 37.2 
Coreduced No flow 1.29 29.2 
2. Ti-5A1-2.5Sn 
REP 22 2.83 63.5 
MA No  flow 1.52 34.2 
HYd 5 1  1 - 5 1  34 .O 
Fluid-energy 44 1.79 40.2 
These two tes t s  i l l u s t r a t e  a major d i f f e r e n c e  between t h e  i r r e g u l a r  
and t h e  s p h e r i c a l  powders. The angular-blocky coreduced and hydride and 
mechanically a t t r i t e d  powders are much more ' ' f luffy" than the  REP powder, 
and i n  f a c t  occupy twice t h e  volume f o r  e q u a l  weights .  The b locky-par t ic le  
powders have a s t r o n g  tendency to  br idge  over ,  which accounts f o r  t h e i r  poor 
1. A sample s p l i t t e r ,  o r  r i f f l e r ,  reduces a l a rge  powder sample  t o  a quan- 
t i t y  s u i t a b l e  f o r  t e s t i n g  purposes, while  s t i l l  r e t a i n i n g  i n  the  s m a l l  
" s p l i t "  sample t h e  same proport ion of f i n e  and coarse powder. The s p l i t t e r  
d i v i d e s  t h e  sample  i n t o  ha lves ,  and by r e p e a t i n g  t h e  opera t ion  t h e  sample 
can then  be s p l i t  i n t o  q u a r t e r s ,  e i g h t h s ,  s i x t e e n t h s ,  e tc . ,  as d e s i r e d .  
2. B 213-48, l'Flow Rate of Metal Powders," ASTM., 
3 .  B 212-48, "Apparent Density of Metal Powders," ASTM. 
7 
flow c h a r a c t e r i s t i c s  i n  the Hal l  Flowmeter. The REP s p h e r i c a l  powders flow 
very e a s i l y .  
Sieve ana lyses  were determined by s l i g h t l y  modifying the ASTM tech-  
nique. Ins tead  of ob ta in ing  an  exac t  100 g sample of each powder, the s p l i t  
c l o s e s t  t o  100 g was used. I n  t h i s  way, a t r u l y  r ep resen ta t ive  sample of 
powder was obtained from each l o t ,  and the  r i s k  of analyzing a non-repre- 
s e n t a t i v e  sample w a s  avoided. The s i eve  ana lyses  and s i z e  d i s t r i b u t i o n  
curves f o r  the  four  powders a r e  presented i n  the  a t t ached  da ta  s h e e t s ,  
F igures  2-5. 
Each powder w a s  then cold compacted i n  an arrangement comprising an 
i n e r t  gas glove box conta in ing  a 2-inch I.D. s t e e l  packing d i e ,  a 1-114-inch 
diameter punch, and an  0-r ing-sealed p i s ton  d r iven  by an e l ec t ro -hydrau l i c  
u n i t  located beneath the  box (Figure 6 ) .  Ten carbon s t e e l  compaction cans 
were loaded i n t o  the box wi th  each l o t  of powder. The cans were 2-inch O.D. 
by 1-314-inch I . D .  by 5 inches long, w i th  an  end p l a t e  welded ac ross  one 
end. The end p l a t e  welds were a l l  l eak  checked wi th  a helium mass spec t ro -  
meter before  being t r a n s f e r r e d  i n t o  the  glove box. 
The compacts were prepared by f i l l i n g  each can wi th  powder and t r a n s -  
f e r r i n g  i t  t o  the packing d i e ,  where i t  was pressed f o r  10 seconds a t  1000- 
1400 p s i .  More powder was added t o  the can and pressure was aga in  appl ied .  
These s t e p s  were repeated u n t i l  each can contained approximately one pound 
of powder. 
The compacts were then encased i n  ind iv idua l  rubber bags and were 
t r a n s f e r r e d  t o  a welding box where the  top  l i d ,  with s t e e l  evacuat ion tube 
a t t a c h e d ,  was joined t o  ;he can body. This weld w a s  a l s o  checked f o r  leaks 
wi th  the helium mass spectrometer .  The sound b i l l e t s  were then connected t o  
a vacuum pump and were heated t o  800°F t o  d r i v e  o f f  adsorbed gasses .  The 
b i l l e t s  were evacuated overnight  and were then sea led  o f f  by forge welds on 
the s t e e l  evacuat ion tubes.  
The compacts from each powder vendor were then hot pressed a t  1450, 
1650, and 1850°F under pressures  of 50, 75, and 100 tons per square inch. 
Each compact was pressed ind iv idua l ly ,  using the  arrangement i l l u s t r a t e d  i n  
Figure 7 .  The ex t rus ion  press con ta ine r ,  ram, and the hardened punches were 
maintained a t  900"F, a temperature which minimizes thermal shock t o  the 
too l ing  while maintaining f u l l  t o o l  hardness.  Transfer  t i m e  from the  b i l l e t -  
hea t ing  furnace t o  the con ta ine r  of t he  300 ton press  averaged 10-15 seconds; 
placement of the  backer p l a t e  and a p p l i c a t i o n  of ram pressure  requi red  approx- 
imately 5 a d d i t i o n a l  seconds. Pressure was maintained on the  b i l l e t  f o r  
approximately 10 seconds. 
The d i f f e r e n t  bulk d e n s i t i e s  of the  var ious  powders combined wi th  t h e i r  
d i f f e r i n g  cold-pressing c h a r a c t e r i s t i c s  , yie lded  compacts of d i f f e r i n g  
f i n a l  lengths  f o r  i n i t i a l l y  i d e n t i c a l  b i l l e t s .  
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F i g u r e  5.  S i eve  
a n a l y s i s  f o r  Dominion 
Ti-6A1-4V and Penn 
Ti-5A1-2.5Sn. 
Figure  6 .  Iner t -gas  glove box, showing e l e c t r o -  
hydraul ic  o i l  pump i n  foreground and 
compacting p i s ton  under box. 
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An a d d i t i o n a l  s e t  of b i l l e t s  ( s e r i e s  100, 200, e t c . )  was prepared 
from powder which was co ld  pressed i n  a i r ,  r a t h e r  than  under an i n e r t  gas 
cover.  These b i l l e t s  were then evacuated,  s ea l ed -o f f ,  and hot  pressed a t  
1650°F, 75 t s i ,  except  f o r  No. 200, which w a s  pressed a t  100 t s i .  The p u r -  
pose of preparing these  compacts w a s  t o  determine the  degree of i n t e r s t i t i a l  
contamination t h a t  would occur as a r e su l t  of performing the i n i t i a l  f i l l i n g  
and press ing  opera t ions  i n  a i r ,  r a t h e r  than i n  an  i n e r t  atmosphere. 
When t h e  b i l l e t s  had cooled t o  room temperature ,  they were machined on 
a l l  su r f aces  t o  a depth of 0.025 inch  below the  t i t an ium-s t ee l  i n t e r f a c e .  
The d e n s i t y  of each compact was then  determined from measurements of weight 
and phys ica l  dimensions (Tables 11, 111). These d a t a  show: 
1. None of t he  Dominion Ti-6A1-4V powder compacts achieved 
the  98 percent  cu to f f  d e n s i t y  e s t a b l i s h e d  before  the  
s t a r t  of the  program. This  s i t u a t i o n  i s  expla inable  i n  
view of t h i s  powder's very high i n t e r s t i t i a l  con ten t ,  
which would inc rease  t h e  d i f f i c u l t y  of p l a s t i c a l l y  de-  
forming the powder p a r t i c l e s .  
2. No powder could be compacted t o  98 percent  d e n s i t y  a t  
50 t s i ,  1450°F. Pressures  of 75 and 100 t s i  were 
s u f f i c i e n t  t o  produce compacts of over 99 percent  d e n s i t y  
a t  1450, 1650, and 1850°F. 
It is assumed t h a t  t he  d e n s i t y  f r a c t i o n s  g r e a t e r  than  un i ty ,  e .g . ,  
100.5 percent  f o r  s a m p l e  1 7  (Numec MA, 1850"F, 50 t s i )  and 100.3 percent  
f o r  sample  56, are due merely t o  d i f f e r e n c e s  i n  s p e c i f i c  chemistry2 f o r  
t he  powders from which these  compacts were made. 
A s e r i e s  of hardness de te rmina t ions  were then  made along the  s i d e ,  
i . e . ,  para l le l  t o  the  press ing  d i r e c t i o n ,  and ac ross  the face  of each c y l -  
inder .  The average of t hese  values  f o r  each compact over 98 percent  dense 
i s  l i s t e d  i n  Table IV, It can  be seen  t h a t  t he  s o f t e s t  Ti-5A1-2.5Sn com- 
pacts are those  made by Nuclear Metals (NM). The Numec hydride-dehydride 
process (Numec Hyd) and the Nuclear Metals Rotat ing Elec t rode  Process pro- 
duced Ti-6A1-4V powder compacts of approximately equal  s o f t n e s s .  The 
hardes t  compacts are  those made from the  Penn Nuclear Ti-5A1-2.5 Sn powder. 
A l l  of t he  1850"F/100 t s i  compacts were then  sec t ioned  as ind ica t ed  
i n  F igure  8 ,  providing samples f o r  chemistry,  hea t  t r e a t i n g ,  metallography, 
and t e n s i l e  t e s t i n g .  The choice of t h i s  s e t  of samples, r a t h e r  than a s e t  
%.he f i r s t  d i g i t  i n  t he  sample  i d e n t i f i c a t i o n  scheme r e f e r s  t o  the  a l l o y  and 
powder manufacturer,  as l i s t e d  i n  Tables  I1 and 111. For the  samples  pre-  
pared under i n e r t  atmosphere, t he  second d i g i t  r e f e r s  t o  the  temperatures 
and pressures ind ica t ed  i n  the  t a b l e s .  The samples prepared i n  a i r  were 
a l l  compacted under the  same condi t ions  (except  as noted below) and t h e r e -  
f o r e  are u n d i f f e r e n t i a t e d  wi th  respect t o  the  f i n a l  d i g i t .  
E.g., 5.84 percent  aluminum and 4.19 percent  vanadium, r a t h e r  than  e x a c t l y  
5.00 percent  aluminum and 4.00 percent  vanadium. 
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compacted a t  a lower temperature o r  pressure, was made on t h e  theory t h a t  
p rope r t i e s  obtained from these  samples would be equal  t o  o r  b e t t e r  than 
those i n  any o the r  set .  Samples from o t h e r  sets were subsequent ly  used i n  
the  hea t  t reatment  s tudy  descr ibed  below. 
Tables V and V I  con ta in  t h e  r e s u l t s  of chemical ana lyses  performed on 
the  1850°F/100 t s i  compacts. Only the  REP s a m p l e s  have low enough oxygen 
contents  t o  be considered i n  the  ELI category.  I n  a l l  o the r  cases, the  
oxygen contents  are higher  than  the  approximately 1200 ppm e s t a b l i s h e d  as 
the  E L I  l i m i t .  
processing. Table V I  c h a r t s  t he  progression of oxygen contamination 
dur ing  the  conversion of these  samples from b a r  t o  powder t o  pressed compact. 
The oxygen content  f o r  t he  REP powders and most of the  Numec powders i s  low 
enough t o  be included i n  the  commercial range f o r  E L I  (REP) o r  s tandard  
grade (Numec) t i tanium. Therefore , the  lower-than-standard values  f o r  
t e n s i l e  d u c t i l i t y  cannot be e n t i r e l y  a t t r i b u t a b l e  t o  oxygen con ten t ,  bu t  are 
a l s o  r e l a t e d  t o  t h e  poorer forming c h a r a c t e r i s t i c s  of t he  higher  i n t e r s t i t i a l  
conten t  , hence harder  , powders. 
For a l l  powders, oxygen content  increased dur ing  f u r t h e r  
High oxygen powders are d i f f i c u l t  t o  form because the  oxygen i n  them 
i s  no t  uniformly d i s t r i b u t e d  but  i s  ins tead  present  i n  a heavy concentra-  
t i o n  on the su r face  of the  powder par t ic les ,  Surface oxygen l e v e l s  can 
t h e r e f o r e  be cons iderably  higher  than the  nominal oxygen content  f o r  the 
powder. The high-oxygen su r face  l aye r  i s  q u i t e  hard and impedes p l a s t i c  
deformation and s u r f a c e  welding of the  powder par t ic les .  
sequence of t he  hardened p a r t i c l e  su r face  l a y e r  i s  a lowering of bond 
s t r e n g t h  between powder p a r t i c l e s ,  and hence lower mechanical p rope r t i e s  
f o r  compacts i n  the  as -pressed  condi t ion .  High temperature annea l ing  
t rea tments  can o f f s e t  t h i s  condi t ion  somewhat by d i f f u s i n g  oxygen away from 
the par t ic le  su r face .  
The d i r e c t  con- 
Photomicrographs of t h e  as-pressed compacts are presented i n  Figure 9. 
P r i o r  p a r t i c l e  boundaries are v i s i b l e  i n  some of t he  samples .  The s t r u c t u r e  
of the  Ti-6A1-4V samples i s  predominently t h a t  of t he  a c i c u l a r  a lpha  phase 
i n  a framework of p r i o r  be ta  g r a i n  boundaries.  The Ti-5A1-2.5Sn a l l o y  i s  
s ingle-phase,  and the s t r u c t u r e s  observed a r e  those of the  alpha phase. 
I n  Table V I 1  are presented t h e  r e s u l t s  of a series of annea l ing  t r e a t -  
ments performed on 1850°F/100 t s i  samples t o  sepa ra t e  the  c o n t r i b u t i o n s  of 
sample  chemistry and press ing  stresses on s a m p l e  hardness.  The hea t  t rea t -  
ments seem n o t  t o  have a f f e c t e d  the  hardness of any sample t o  a no t i ceab le  
degree.  This  may be due t o  the  f a c t  t h a t  a l l  hea t  t rea tments  (which were 
based on published recommended annea l ing  cyc le s )  took place below the  temp- 
e r a t u r e  a t  which t h e  samples were pressed.  A more marked response,  w i th  a 
g r e a t e r  d i f f e r e n c e  i n  hardness between samples, might have been obtained i f  
we had t e s t e d  samples which had been pressed a t  1450’F o r  1650°F. 
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TABLE VI.- OXYGEN PICKUP DURING FABRICATION OF HOT PRESSED TITANIUM COMPACTS 
Sample 
T i  -6A 1 -4 V 
MA . . . . . . . .  
R E P . .  . . . . . .  
Coreduced . . . . .  
Hyd . . . . . . . .  
Ti-5A1-2.5Sn 
R E P . .  . . . . . .  
F l u i d  energy . . . .  
H y d . .  . . . . . .  
MA . . . . . . . .  
Oxygen Content (ppm) 
S t a r t i n g  Bar 
700 
700 
--- 
7 00 
950* 
--- 
740 
740 
Powder 
1560 
750 
8 100 
1300 
750* 
2800 
1380 
1220 
Hot Pressed Compact 
17 10 
900 
--- 
1570 
980 
35 30 
3620 
1640 
*The powder has no t  " los t"  200 ppm oxygen, The f i g u r e s  merely i n d i c a t e  a 
he te rogenei ty  i n  the  s t a r t i n g  s t o c k  such t h a t  t h e  po r t ion  of b a r  used 
f o r  making t h e  REP powder contained less oxygen than  the  po r t ion  used 
f o r  t he  m i l l  a n a l y s i s .  
22 
Mechanica 1 ly  a t t r i t e d  Hydride dehydride  
REP 
Figure 9a. Ae-pressed Ti-6A1-4V compacts, 25OX, etched. 
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Mechanically a t t r i t e d  Hydride -De hydride 
REP F lu id  -energy m i  1 led 
Figure 9b. As-pressed Ti-5A1-2.5Sn compacts, 250X, etched.  
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Tens i le  p rope r t i e s  f o r  t he  as-pressed compacts are l i s t e d  i n  Table V I I I .  
It should be noted t h a t  i n  both groups of compacts -- those i n  which powder- 
f i l l i n g  was performed i n  helium and those f i l l e d  i n  a i r  -- t he  b i l l e t s  were 
evacuated before  being sea led  and heated f o r  pressing.  
can note a rough c o r r e l a t i o n  between the  hardness d a t a  i n  Table V I 1  and 
the  e longa t ion  va lues  presented here .  It can be seen t h a t  t he  compacts made 
from the  f luid-energy mi l led  powder have high hardness and a correspondingly 
low l e v e l  of t e n s i l e  d u c t i l i t y .  
s o f t e r  compacts which yielded higher  values  of t e n s i l e  e longat ion .  
From these  d a t a  w e  
The REP and the  hydride powders produced 
The compacts o r i g i n a l l y  f i l l e d  i n  a i r  r a t h e r  than i n  helium seem i n  
genera l  t o  r e f l e c t  a decrease i n  d u c t i l i t y  as a r e s u l t  of t h i s  procedure. 
I n  the  Ti-5A1-2.5Sn a l l o y ,  both the  REP and the  hydride specimens show t h i s  
e f f e c t ,  as does the  REP Ti-6A1-4V specimen. It appears t h a t  t he  higher  p u r i t y  
powders are the  most vulnerable  t o  oxygen contamination when processed i n  a i r .  
A comparison between the  mechanical property d a t a  presented i n  Table 
VI11 and MIL-T-9047 shows t h a t  none of the  samples  exh ib i t ed  the  minimum 
t e n s i l e  e longat ion  r equ i r ed ,by  the  s p e c i f i c a t i o n .  A s e r i e s  of hea t  treat-  
ments w a s  t he re fo re  performed on the  compacts made from the  REP powder. 
This family of compacts was chosen because i t  possessed the  h ighes t  p u r i t y  
and the re fo re  o f f e red  the  g r e a t e s t  p o t e n t i a l  i n  achieving high values  of 
d u c t i l i t y  and f r a c t u r e  toughness. 
The r e s u l t s  of these  hea t  t reatments  a r e  t abu la t ed  i n  Tables IX and X. 
Figures  11 and 12  i l l u s t r a t e  micros t ruc tures  a s soc ia t ed  wi th  the  hea t  t r e a t e d  
samples. 
Examination of the  t e n s i l e  r e s u l t s  f o r  the  Ti-6A1-4V a l l o y  shows t h a t  
t e n s i l e  d u c t i l i t y ,  a s  measured by e longat ion  and reduct ion i n  a rea ,  increases  
wi th  an increase  i n  compacting and hea t  treatrnedt temperature and time. 
The e f f e c t  of t he  h e a t  t reatments  would the re fo re  appear t o  be t h a t  of en- 
hancing the disappearance,  by d i f f u s i o n ,  of t he  p r i o r  p a r t i c l e  boundaries.  
This e f f e c t  i s  shown very  c l e a r l y  i n  Figures  l l a  and l l b ,  i n  which samples 
compacted a t  1650°F/75 t s i  were annealed f o r  two and four  hours a t  1650°F. 
A s  t he  anneal ing temperatures a r e  increased ,  f u r t h e r  evidence of 
par t ic le-boundary e l imina t ion  is o f fe red  by the  increase  i n  g r a i n  s i z e  which 
occurs.  While the samples annealed a t  2200°F possess adequate d u c t i l i t y ,  we 
see  t h a t  t e n s i l e  s t r e n g t h  has begun t o  f a l l  o f f  (as  a r e s u l t  of g r e a t l y  in -  
creased g r a i n  s i z e )  a s  compared t o  the  as-pressed condi t ion .  There i s  a l a rge  
d i f f e rence  i n  g r a i n  s i z e  between sample 11 (Figure l l c ) ,  annealed a t  2200°F, 
and sample 25 (Figure l l d ) ,  which was t r e a t e d  a t  1775°F f o r  a s i m i l a r  period 
of time. The micros t ruc ture  shown i n  Figure l l c  is  one of a c i c u l a r  alpha and 
p r i o r  be t a  g r a i n  boundaries,  obtained by hea t ing  e n t i r e l y  i n  the  be ta  phase 
f i e l d  ( the  bounary between the  alpha-plus-beta  and the  be ta  phase f i e l d s  l i e s  
a t  1820°F f o r  Ti-6A1-4V). Sample 25, annealed a t  1775"F, was t h e r e f o r e  heated 
a t  the  high end of the  alpha-plus-beta  f i e l d .  The s t r u c t u r e  i l l u s t r a t e d  i s  
t h a t  of primary alpha (white regions)  and transformed be ta  ( ac i cu la r  a lpha) .  
The p rope r t i e s  obtained by hea t ing  a t  t h i s  temperature o f f e r  a good balance 
between t e n s i l e  s t r e n g t h  and d u c t i l i t y .  
26 
27 

TABLE X.- MECHANICAL PROPERTIES OF REP Ti-5A1-2.5Sn, ELI TITANIUM ALLOY 
COMPACTS AFTER VARIOUS HEAT TREATMENTS 
No 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
1 2  
13 
14 
15 
- 
- 
Compacting 
conhi t i  
? r e s s  ure 
( t s i )  
100 
100 
100 
100 
100 
100 
100 
100 
100 
50 
75 
75 
75 
75 
75 
ns 
Temp. 
(OF) 
1650 
1650 
1650 
1650 
1850 
1850 
1450 
1450 
1850 
1650 
1650 
1850 
1850 
1850 
1850 
Heat 
Treatment 
15 50/4 /AC 
15 50 /4 /AC 
2200/4/AC 
2 2 00 /4  /AC 
18 50 /4 /AC 
1850/4/AC 
18 50/4/AC 
1 1  
1700 /4 /AC 
17 75 /4/AC 
11 
I 1  
11 
1850/4 /AC 
11 
U.T.S. 
( k s i )  
120.7 
119.2 
100 * 2 
102.4 
126.6 
127.1 
123.2 
123.8 
122.4 
126.0 
122.5 
128.0 
125.0 
127 .O 
127.5 
0.2 Y.S. 
( k s i )  
114.5 
112.6 
96.5 
96.6 
116.4 
116.4 
113.6 
113.2 
113.0 
113.1 
115 1 
118.5 
116.0 
116.5 
116.9 
% Elong. 
1" G. L. 
6.5 
9.0 
3.8 
5.1 
13.2 
15.2 
7.7 
10.8 
13.8 
19.1 
11.3 
14.8 
13.7 
13.5 
13.0 
% R.A. 
16.8 
22.0 
29 .O 
30.6 
23.4 
42.5 
7.9 
14.2 
26.4 
41.9 
25.8 
44.5 
40.9 
38.8 
36.0 
'rue Frac ture  
Stress 
( k s i )  
135.5 
136.9 
112.3 
107.7 
158.7 
184.3 
139.5 
156.3 
196.1 
180.5 
153.0 
189.5 
177.8 
174.5 
173.4 
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a .  Pressed: 1650°F/75 t s i  b .  Pressed: 1650°F/75 t s i  
Heat treated:  1650°F/2/WQ Heat treated:  1650°F/4/WQ 
c . Pressed : 1650 OF/75/ ts i d .  Pressed: 1850°F/75 ts i  
Heat treated:  220O0F/4/AC Heat treated:  1775"F/4/AC f 
1300 oF/ 2 /AC 
Figure 11. REP Ti-6A1-4V, pressed and heat  t rea ted  a s  ind ica ted .  
Transverse s e c t i o n s ,  lOOX, etched.  
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a .  Pressed: 1650°F/100 t s i  
Heat treated:  1550°F/4/AC 
b. Pressed: 1850°F/100 t s i  
Heat treated:  1850°F/4/AC 
c .  Pressed: 185OoF/75' t s i  
Heat treated:  1775*F/4/AC 
Figure 12. REP'Ti-9A1-2.5Sn, pressed and heat  treated as  indicated.  
Transverse s e c t i o n s ,  lOOX, etched.  
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Higher s t r e n g t h s  can be r e a l i z e d  by sub jec t ing  the  sample  t o  a s o l u -  
t i o n  t rea tment ,  as was done f o r  samples 6 - 10. The aging t rea tment ,  which 
was omit ted f o r  these  samples ,  would have r a i s e d  s t r e n g t h s  even f u r t h e r ,  
w i th  a probable f u r t h e r  loss i n  d u c t i l i t y .  However, t h i s  procedure would 
be undesirable  f o r  s e v e r a l  reasons:  
1. 
2. 
3. 
Mechanical p rope r t i e s  based upon water quenching small 
samples  would be d i f f i c u l t  t o  reproduce i n  o b j e c t s  of 
l a rge  s i z e ,  such as l a rge  forged valve and pump bodies ,  
which are of u l t ima te  i n t e r e s t  here .  
The s o l u t i o n  t rea tment  s a c r i f i c e s  d u c t i l i t y  f o r  s t r e n g t h ,  
whereas i t  would be most d e s i r a b l e  t o  maximize d u c t i l i t y .  
The lower t e n s i l e  s t r e n g t h s  which are produced i n  samples 
t e s t e d  a t  room t e m p e r a t u r e  by anneal ing r a t h e r  than  by 
s o l u t i o n  t r e a t i n g  w i l l  be more than  made up i n  the  cryo-  
genic  s t rengthening  which w i l l  occur n a t u r a l l y  when 
s a m p l e s  are t e s t e d  a t  very low t e m p e r a t u r e s .  
Ti-5A1-2.5Sn, be ing  a s ingle-phase a l loy ,  cannot be s t rengthened by 
hea t  t reatment .  
t h e r e f o r e  only t o  relieve working stresbes, o r  (as i n  t h e  present  case) 
t o  d i f f u s e  away p a r t i c l e  boundaries .  F igure  12 i l l u s t r a t e s  t h e  s t r u c t u r e  
of T3-5A1-2.5Sn t e n s i l e  specimens. 
1850 F/75 tsi, w a s  subsequent ly  annealed f o r  f o u r  hours a t  1775 F. 
micro-s t ructure  c o n s i s t s  of a lpha  g r a i n s  i n  a p l a t e  form. 
The objective of any h e a t  treatment f o r  t h i s  a l l o y  is 
Sample 16, which w a s  compacged a t  
The 
The r e s u l t  of t he  hea t  t rea tment  - t e n s i l e  t e s t  experiments w a s  t o  
develop a s u i t a b l e  t reatment  producing adequate t e n s i l e  s t r e n g t h  along 
wi th  good d u c t i l i t y  i n  hot  pressed REP t i t an ium a l l o y  powders. 
ho t  press ing  techniques and the  post-pressing hea t  t rea tments  are app l i cab le  
t o  l a r g e r  bodies ,  e.g., t he  6-inch by 6-inch by 3-inch blocks,  wi th  no an-  
t i c i p a t e d  loss i n  p rope r t i e s .  
Both the  
Production and Tes t ing  of 6-Inch by 6-Inch by 3-Inch Blocks 
Block Prepara t ion  
Ti-6Al-4V and Ti-5A1-2.5Sn e l e c t r o d e  s tock  was extruded from the  l a rge  
forged bars .  These extruded rods ,  approximately 1-1/8 inches i n  d iameter ,  
were then  machined t o  e l e c t r o d e  s i z e  and converted t o  powder v i a  t h e  Rotat ing 
Elec t rode  Process.  Chemical a n a l y s i s  and o t h e r  p e r t i n e n t  d a t a  f o r  t h e  two 
a l l o y  powders appear i n  Table X I .  
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TABLE XI.IIESCRIPTI0N OF REP Ti-6A1-4V E L I  AND Ti-5A1-2.5Sn ELI  POWDERS 
1. Weight of powder produced ( lb )  
2. Flow rate (sec) 21.8 24.6 
3. Apparent d e n s i t y  (g/cc) 2.68 2.84 
Apparent d e n s i t y  (x t h e o r e t i c a l )  60.5 63.8 
4.  P a r t i c l e  s i z e  d i s t r i b u t i o n :  
Mesh 
(Tv le r ) 
Percent  on screen:  24 
32 
42 
60 
80 
115 
170 
250 
325 
Pass : 325 
Microns 
7 10 
500 
354 
250 
177 
125 
88 
63 
44 
44 
----- 
e---- 
8.5 
31.8 
40 .O 
13.2 
4.9 
.9 
.3 
.1 
2 .o 
14.6 
38.2 
30.3 
11.6 
3.11 
.8 
.1 
0 
0 
5. Chemical a n a l y s i s  : 
A1 V Sn Fe C 0 N H - - - - - - - -  Element (%) 
Ti-6-4 powder 6.4 4.29 ---- .133 196 730 175 58 
forged 6 - 3 1  4.27 ..--- .110 270 700 70 l b  
Ti-5-2.5 powder 5.22 ---- 2.43 ,040 40 510 268 34 
( P P d  ( P P d  ( P P d  ( P P >  
ba r  
5.46 ---- 2.80 .020 60 740 140 6 Ti-5-2.5 forged ba r  
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A s e t  of r ec t angu la r  t o o l  s t e e l  punches was made up t o  f i t  a 3-1/4- 
The d i e  c a v i t y  was made inch  by 6-1/4-inch by 22-inch hot  press ing  d i e .  
up of fou r  t o o l  s teel  s e c t i o n s  t h a t  were shrunk i n t o  an 8-1/4-inch diameter  
e x t r u s i o n  con ta ine r  i n  the  1400-ton ex t rus ion  press .  
ment cons i s t ed  of a r e a r  punch wi th  a 3-1/8-inch by 6-1/8-inch face which 
was placed i n  the  l i n e r  ahead of t h e  10-inch long can conta in ing  the  t i t a n i u m  
powder. 
powder "length" of approximately 10 inches i s  requi red  t o  produce a f u l l y  
dense block 6 inches long.) 
c a v i t y ,  i s  i s  compressed between t h e  r e a r  punch and a f r o n t  punch which 
is c a r r i e d  forward by the  ex t rus ion  ram. 
i l l u s t r a t e d  schemat ica l ly  i n  Figure 13. 
r ec t angu la r  i n s e r t s  i n  the  e x t r u s i o n  con ta ine r ;  the  punch arrangement i s  
shown i n  F igure  15. 
The t o o l i n g  a r range-  
( A t  a n  apparent  d e n s i t y  of 60.5 t o  63.8 percent  of t h e o r e t i c a l ,  a 
A f t e r  the  hot  powder can is  placed i n  t h e  d i e  
This t o o l i n g  arrangement i s  
Figure  14 i l l u s t r a t e s  the 
Two 16 gauge carbon s t e e l  cans,  3-1/8 inches by 6-1/8 inches by 10 
The sea l ed  cans were 
The temperature of the  
inches long, were f i l l e d  w i t h  powder, welded, evacuated,  and sea l ed  o f f .  
Each can contained about 18-3/4 pounds of powder. 
heated t o  1850'F over a 3- hour per iod ,  held a t  temperature f o r  1 a d d i t i o n a l  
hour, and compacted a t  73 tons p e r  square inch. 
compacting t o o l s  was 850'F. 
The compacted powder b locks  zere t h e n  hea t  t r e a t e d  f o r  4 hours  a t  
1775OF followed by 2 hours  at 1300 F. 
i n  n i t r i c  acid,  t h e  b locks  were weighed and measured: 
Af te r  t h e  s t e e l  cans were d isso lved  
Ti-6A1-4V Ti-5Al-2.5Sn 
Length ( In  p re s s ing  d i r ec t ion ) ,  6-114 
inch 
Width, inch 3-11 8 
Height, inch 6-11 8 
Weight, l b s .  18.65 
Density (Displacement Method) g/ cc  4.42 
Density, % Theore t i ca l  loo"/, 
6-114 
3-1/ 8 
6-1/8 
18.8 
4.45 
100% 
The appearance of t h e  b locks  a f t e r  removal of t h e  s t e e l  cans i s  shown i n  
F igure  16. 
machined from t h e  blocks,  fol lowing t h e  sec t ion ing  diagram shown i n  
F igure  17. 
T e n s i l e  and f r a c t u r e  toughness specimen b lanks  were then  
Specimens were a l s o  machined from 6-inch l eng ths  of t h e  forged 
Ti-6A1-4V and Ti-5A1-2.5Sn s t a r t i n g  s tock.  
specimens in  t h e s e  b a r s  is shown in Figures  18 and 19. 
The arrangement of t h e  
A l l  specimens were i n d i v i d u a l l y  i d e n t i f i e d  according t o  t h e  scheme 
shown in  t h e  s e c t i o n i n g  diagrams. 
Research and Development Div is ion  i n  San Diego f o r  f i n a l  machining and 
t e s t i n g .  
They were t h e n  shipped t o  t h e  Whittaker 
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The specimen conf igu ra t ion  f o r  t h e  t e n s i l e  t es t s  is shown i n  Figure 
20. 
i l l u s t r a t e s  t h e  manner in which t h e  t e n s i l e  specimens were instrumented 
wi th  strain gages f o r  measurement of e longat ion,  modulus of e l a s t i c i t y ,  
and Poisson 's  r a t i o .  
adherence of t h e  gages. 
specimens were used t o  cance l  any e r r o r  introduced by poss ib l e  non-axial  
loading in  the  t e s t  set-up. 
F igure  21, a close-up photograph of t h e  specimen gage sec t ion ,  c l e a r l y  
The su r face  of t h e  specimens w a s  roughened t o  increase  
Duplicate gages a t tached  t o  t h e  reverse s i d e  of t h e  
T r i p l i c a t e  t e n s i l e  tests were performed on long i tud ina l  ( p a r a l l e l  
t o  p re s s ing  d i r ec t ion ,  i n  t h e  case of t h e  powder specimens) and t r a n s v e r s e  
specimens from t h e  powder blocks and t h e  wrought bars. Tests werg conducted 
at room temperature, -320°F (bo i l ing  poin t  of n i t rogen) ,  and -423 F ( b o i l i n g  
poin t  of hydrogen). 
T e s t  r e s u l t s  are t abu la t ed  i n  Table X I I .  It can be seen from t h i s  
t e n s i l e  d a t a  t h a t  i n  almost a l l  cases the  powder specimens show p rope r t i e s  
equiva len t  t o  o r  b e t t e r  than those f o r  t he  wrought specimens. 
powder s a m p l e s  a r e  s t r o n g e r  than  t h e i r  wrought coun te rpa r t s  a t  a l l  tempera- 
tures ,  i n  both the  long i tud ina l  and t r ansve r se  o r i e n t a t i o n .  The d u c t i l i t y  
of t he  Ti-6A1-4V powder samples is  g r e a t e r  than t h a t  of t he  wrought specimens 
under a l l  condi t ions ,  except a t  -423'F, where t h e  long i tud ina l  powder samples 
are s l i g h t l y  i n f e r i o r .  
The Ti-6A1-4V 
I n  the  case of t h e  Ti-5A1-2.5Sn a l l o y ,  the  t r ansve r se  powder specimens 
are s t ronge r  and more d u c t i l e  than t h e i r  wrought coun te rpa r t s  a t  t he  t h r e e  
t e s t  temperatures .  The long i tud ina l  powder specimens , however , show a lower 
y i e l d  s t r e n g t h  a t  -32OoC, lower t e n s i l e  s t r e n g t h  a t  the  th ree  t e s t  tempera- 
tu res ,  and lower o v e r a l l  d u c t i l i t y  a t  room temperature.  A t  -320°F, t he  powder 
specimens show g r e a t e r  d u c t i l i t y  as measured by reduct ion  i n  a r e a ,  hu t  less 
d u c t i l i t y  a s  measured by specimen e longat ion .  
t hese  two d u c t i l i t y  c r i t e r i a  i s  reversed a t  -423'F. There a r e  no obvious 
ind ica t ions  exp la in ing  why these  long i tud ina l  powder specimens do not  show the  
supe r io r  mechanical p r o p e r t i e s ,  as compared t o  the  wrought samples, t h a t  i s  
evidenced by the  o t h e r  powder specimens. 
The s i t u a t i o n  wi th  r e spec t  t o  
Por t ions  of  the  t e n s i l e  specimens were used f o r  l o c a l  d e n s i t y  determina- 
t i o n s ,  hardness de te rmina t ions ,  metal lographic  examination of  s t r u c t u r e ,  
(Figure 22),  and chemical a n a l y s i s .  A l l  samples were 100 percent  dense. Sam- 
p l e  hardness ranged from Rc 23.3 t o  & 28 f o r  Ti-5A1-2.5Sn and from Rc 30 t o  
& 34.7 f o r  t h e  Ti-6A1-4V samples .  
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Figure 20, Tensi le  test specimen. 
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TABLE X I I .  TENSILE PROPERTIES(l) OF TWO TITANIUM ALLOYS, I N  WROUGHT AND POWDER 
FORM, AT ROOM AND AT CRYOGENIC TEMPERATURES 
. Room Temperature 
Longi tudinal  
UTS ( k s i )  
0.2% YS (ks i )  
E longat ion (%) 
E ( p s i  x 10 ) 
w 
6 RA (x) 
Transverse 
UTS (ks i )  
0.2% YS (ks i )  
Elongation u0) 
E ( p s i  x 10 ) 
IJJ 
6 RA ( 7 0 )  
. -320'F 
Longi tudinal  
UTS ( k s i )  
0.2% YS (ks i )  
E longat  ion  (%) 
E ( p s i  x 10 ) 
IJJ 
(%) 6 
Transverse 
UTS (ks i )  
0.2% YS (ks i )  
Elongat ion (%) 
E ( p s i  x 10 ) 
w 
6 RA e o )  
Ti-6A1-4V, E L I  
Wrought (2) 
l28 
106 
15.3 
29.3 
15.4 
.318 
129 
85.2 
10.5 
12 .o 
14.1 
.278 
- - - - - -  
202 
174 
12.0 
11.3 
15.4 
.353 
2 00 
170 
9.6 
11.7 
18.3 
.314 
(4 1 Powder 
130 
114 
18.9 
31.3 
18 .O 
,327 
132 
122 
20.2 
33 .O 
18.4 
.319 
- - - - - -  
2 16 
188 
11.7 
17.3 
17.2 
.306 
2 12 
18 9 
10.8 
13.0 
1 6 , l  
.297 
Ti-5Al-2.5Sn, E L I  
Wrought (3 1 
118 
103 
19.3 
34 .O 
15.3 
.308 
96.8 
82.4 
11.0 
28 .O 
15.2 
.298 
- - - - - -  
18 7 
170 
17 .O 
16.8 
18.6 
.341 
17 1 
14 9 
11.3 
14.3 
17.4 
.315 
Powder (4 ) 
115 
104 
15.7 
27 .O 
17.4 
.308 
113 
99.7 
20.7 
32.1 
18.4 
.310 
- - - - - -  
178 
157 
10.0 
13.6 
17.7 
.287 
172 
14 9 
16.0 
18.5 
17.3 
.301 
(1) Each value i s  a n  average of t h ree  tests. 
(2) 6-inch annealed forged bar .  
(3) 6-1/2-inch annealed forged bar .  
(4) Compacted a t  1850°F/70 t s i  + annealed 1775'F/4 hr/FC + 1300°F/2 hr/AC. 
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TABLE XII. TENSILE PROPERTIES(') OF TWO TITANIUM ALLOYS, IN WROUGHT AND POWDER 
FORM, AT ROOM AND AT CRYOGENIC TEMPERATURES - concluded 
2 .  -423'F 
Longi tudinal  
UTS ( k s i )  
0.2% YS ( k s i )  
Elongat ion (x) 
E ( p s i  x 10 ) 
P 
6 R 4  (%) 
Transverse 
UTS (ks i )  
0.2% YS (ks i )  
E longat ion (%) 
E ( p s i  x 10 ) 
iJ1 
(%) 6 
7 
Ti-6A1-4V, ELI 
Wrought (2 1 
225 
193 
5.3 
12.4 
18.7 
,365 
223 
166 
6.9 
5.8 
20.0 
.34 
(4 1 Powder 
237 
19 7 
3.8 
11.6 
17.6 
.347 
237 
2 12 
' 7.0 
1o.b 
17.9 
.3 8 
Ti-5A1-2.5Sn, ELI 
Wrought (3) 
2 14 
159 
6.8 
15.1 
18.9 
,310 
198 
15 2 
8.7 
15.3 
19.8 
.330 
(4 1 Powder 
19 7 
174 
7.1 
13 .O 
20.2 
.348 
203 
160 
11.0 
15.6 
18.7 
.350 
(1) Each value i s  an average of t h ree  tests. 
(2)  6-inch annealed forged bar .  
(3) 6-1/2-inch annealed forged bar.  
(4) Compacted a t  1850°F/70 t s i  4- annealed 1775'F/4 hr/FC + 1300°F/2 hr/AC. 
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Ti-6A1-4V 
Ti-5A1-2.5Sn 
Figure 22. Microstructure of Ti-6A1-4V and Ti-5A1-2.5Sn powder specimens. 
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Analyses of samples taken from the  t e n s i l e  specimens compared wi th  the  
a n a l y s i s  of  forged ba r s  and powder i n d i c a t e  t h a t  very l i t t l e  change i n  
chemistry had taken place : 
Specimen 
Ti-6-4 Wrought Bar 
Ti-6-4 Powder 
Ti-6-4 H.P. Block 
75-5-2.5 Wrought Bar 
T i  -5 -2.5 Powder 
Ti-5-2.5 H.P. Block 
Percent  
- A 1  - V -.- Sn Fe 
6.31 4.27 ---- 0.11 
6.40 4.29 ---- 0.13 
6.09 4.21 ---- ---- 
5.46 ---- 2.80 0.02 
5.22 ---- 2.43 0.04 
4.87 ---- 2.36 ---- 
P a r t s  Per Mi l l i on  
C O H N  
270 700 16 70 
196 730 80 175 
310 1000 71 280 
---- 
60 740 6 140 
40 510 34 268 
54 640 45 200 
Fracture-Toughness Tes t i n p  
P l a i n - s t r a i n  f r a c t u r e  toughness t e s t i n g  of t h e  wrought and powder 
specimens w a s  performed i n  gene ra l  accordance wi th  ASTM STP 410, "Recommended 
P rac t i ce  f o r  P la in -S t r a in  F rac tu re  Toughness Tes t ing  of High St rength  
Mater ia ls ."  The procedure was ad jus t ed  by a modi f ica t ion  of t he  bend f i x t u r e  
t o  p e ; m i t  t he  t e s t i n g  t o  be performed i n  the  c r y o s t a t .  
1/2) This  recommended practice covers  a procedure f o r  t he  de te rmina t ion  of t he  p l a i n - s t r a i n  f r a c t u r e  toughness, des igna ted  K (stress x length  , 
of h igh-s t rength  metallic materials by a bend t e s t  ofICa pre-notched and 
fat igue-cracked r ec t angu la r  specimen. 
The value of KIC so obtained c h a r a c t e r i z e s  the  s u s c e p t i b i l i t y  of a 
material t o  uns tab le  c rack  ex tens ion  under cond i t ions  of h igh  c o n s t r a i n t .  
The p l a s t i c  deformation of a cons t ra ined  specimen correspondes t o  a p l a in -  
s t r a i n  state of stress near  t h e  c rack  f r o n t  i n  n e u t r a l  environments. 
value measured by t h i s  practice is be l ieved  t o  r ep resen t  a lower l i m i t i n g  
value of f r a c t u r e  toughness. 
The KIC 
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KIC i s  a m a t e r i a l  property which i s  measured i n  terms of K I 
t e n s i t y  
c e p t i b i l i t y  t o  uns tab le  crack ex tens ion  under condi t ions  of high c o n s t r a i n t  
t o  plast ic  deformation. 
of t he  materials. Therefore ,  t he  specimen s i z e ' r e q u i r e d  t o  ob ta in  v a l i d  K ' 
values  inc reases  wi th  the  toughness of t he  material. 
specimen s i z e  can be est imated on the  b a s i s  of t he  r a t i o  of y i e l d  s t r e n g t h  t o  
Young's Modulus, t he  proof of t he  v a l i d i t y  of a test  is  not  known u n t i l  t he  
test is completed. 
(stress in -  
f a c t o r )  and i s  the  c r i t i ca l  value of KI which c h a r a c t e r i z e s  the  sus-  
KIC of m e t a l l i c  ma te r i a l s  increases  wi th  the  toughness 
I C  Although the  bas i c  
As t h e r e  is no advance assurance t h a t  a v a l i d  K w i l l  be determined i n  a 
b, p a r t i c u l a r  tes t ,  it i s  necessary f i r s t  t o  c a l c u l a t e  IC a cond i t iona l  resu l t ,  which involves  a cons t ruc t ion  on the  t e s t  record.  It i s  then determined 
whether t h i s  r e s u l t  i s  c o n s i s t e n t  wi th  the  s i z e  and y i e l d  s t r e n g t h  of the  
s pe c imen . 
For a notched and fatigue-cracked*rectangular specimen t e s t e d  i n  th ree  
point  bending, the  following procedure i s  used t o  c a l c u l a t e  K Q' 
(1) The load, P 
record i n  
Recommended P rac t i ce .  
\ is ca l cu la t ed  from P as follows: 
i s  determined by a cons t ruc t ion  on the  t e s t  
accordance with Paragraph 7.3.1 of the  ASTM 
(2) Q 
r I 
1 3 5 7 
5.8 0' - 9.2 (:I' + 4.3 (;) a T  - 75.3 (:)T + 77.4 (%12 
3 /2 W 
Bw 
% =  
where P = load i n  pounds as determined by cons t ruc t ion  per 
Paragraph 7.3.1 
B = thickness  of specimen i n  inches 
L = one-half t he  t o t a l  span length (d is tance  between 
suppor ts )  i n  inches 
w = depth of specimen i n  inches 
a = depth of specimen notch p l u s  f a t i g u e  crack 
i n  inches 
*As p e r  "Recommended P rac t i ce  f o r  P l a i n  S t r a i n  F rac tu re  Toughness Test ing 
of Metallic Materials Using a Fa t igue  Cracked Specimen" prepared by 
Subcommittee I on Frac ture  Tes t ing  of High St rength  Mate r i a l s ,  ASTM Committee 
E-24 (Fracture  Tes t ing  of Metals) ,  A p r i l  1967. 
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The value of i s  determined by measurements made a t  the  most ad- 
vanced poin t  of t he  crack f r o n t  and a t  each su r face  of t he  speci 
sum of t he  two su r face  values  p l u s  twice the  value a t  the  most a 
po in t  divided by fou r ,  is used i n  the  above equat ion t o  calculate K Q' 
To f a c i l i t a t e  c a l c u l a t i o n  of 
i n  bracke ts  i n  the  above equat ion 
the  r a t i o  (a /w) .  The values  f o r  f [ a  
Prac t ice ."  The r e s u l t a n t  curve is  shown i n  Figure 23. 
For a p l a i n - s t r a i n  f r a c t u r e  toughness t e s t  t o  be v a l i d  (i.e. \ = KIC), t he  r e l a t i o n s h i p  
2 
2.5 (KQ/oyS) 
K = cond i t iona l  p l a i n - s t r a i n  f r a c t u r e  toughness 
0 = .2 percent o f f s e t  y i e l d  s t r e n g t h  
Q 
YS 
where 
must  be less than  both the  specimen thickness  fl and the  depth of t he  
specimen notch p l u s  f a t i g u e  c rack  a ( r e f .  Figure 24). I f  both fl and 
are g r e a t e r  than the  value obtained-from the  above r e l a t i o n s h i p ,  t he  test  i s  
v a l i d  and is  equal  t o  K . I f  and/or 5 are less than the  value 
determined' above, t he  te% is  i n v a l i d ,  and it becomes necessary t o  use a 
l a r g e r  specimen -- one i n  which both g and a a r e  g r e a t e r  than  the  value 
determined above -- t o  ob ta in  v a l i d  KIc values .  
Figure 24. Figure 25 i l l u s t r a t e s  t he  pos i t i on  of a test  specimen i n  the  
t e s t  f i x t u r e ,  and Figure 26 shows the  room temperature  t e s t  arrangement. 
The specimen des ign  used f o r  t he  f r a c t u r e  toughness tests is shown i n  
The resul ts  obtained by t e s t i n g  the  wrought and powder specimens a t  
t h ree  temperatures are presented i n  Table X I I I .  Based on the  p l a i n - s t r a i n  
cri teria discussed above, only the  Ti-6A1-4V powder specimens t e s t e d  a t  
-423°F produced v a l i d  r e s u l t s ,  8ecause these  specimens were the  only ones 
i n  which the  value 2.5 (K /B was l e s s  than both the  specimen thickness  
and the  crack length.  It is obvious, however, t h a t  a l l  t he  powder specimens 
yielded lower toughness values  than the  wrought specimens. 
t h i s  uniform d i f f e rence  i s  unknown a t  present .  The explana t ion  probably 
lies i n  the  r e l a t i o n s h i p  between powder processing temperatures and the  re- 
s u l t a n t  micros t ruc tures ;  i.e. lower processing temperatures would have y ie lded  
f i n e r  g r a i n  s i z e  and a d i f f e r e n t  s t r u c t u r e .  I f ,  f o r  example, t he  compacts 
were pressed below the  alpha plus  be t a  t ransformation tempera ture ,  a t  1650- 
1700°F r a t h e r  t han  a t  1850"F, a primary alpha plus  transformed be ta  microstruc-  
t u r e  r a t h e r  than  the  acicular alpha s t r u c t u r e  would be obtained.  
poss ib le  t h a t  such a mic ros t ruc tu ra l  change would r e s u l t  i n  supe r io r  toughness 
c h a r a c t e r i s t i c s .  Figure 27 i l lustrates  the  f r a c t u r e  su r faces  of wrought and 
powder Ti-5A1-2.5Sn specimens t e s t e d  a t  th ree  temperatures.  Note the  coarse  
f r a c t u r e  sur face  of t he  wrought specimens compared t o  the  powder samples. 
Q .YS 
The reason f o r  
It i s  q u i t e  
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Figure 25. Fracture toughness specimen i n  test f i x t u r e .  
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Figure 26. Set-up f o r  p la in - s tra in  fracture  toughness t e s t i n g ,  
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-423°F 
-320’F 
Room Te !mpe rature 
Wrought Powder 
Figure 27 .  Fracture surface o f  Ti-5A1-2.5Sn p la in - s tra in  specimens. 
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A c a l c u l a t i o n  has  been made, based upon the  d a t a  i n  Table X I I I ,  t o  
produce v a l i d  test r e s u l t s  from Ti-5A1-2.5Sn and Ti-6A1-4V samples.  The 
bases f o r  t he  c a l c u l a t i o n s  are: 
(1) A specimen th ickness  a t  least  1-1/2 times as la rge  as the  value of 
2.5 ( / )2, as l i s t e d  i n  Table X I I I .  
ASTM specimen s i z e  r e l a t i o n s h i p s ,  which d i c t a t e  a specimen width 
equa l  t o  twice i t s  th ickness  and a length  equal  t o  o r  g r e a t e r  
than  four  t i m e s  t he  specimen width p l u s  0.4 inch. 
% Y S  
(2) 
The specimen s i z e s  thus  obtained are l i s t e d  i n  Table XIV.  The specimen 
lengths  l i s t e d  i n  t h i s  t a b l e  i n d i c a t e  t h a t  it would be impractical t o  test  
t r ansve r se  specimens, s ince  a forged ba r  over t h ree  f e e t  i n  diameter would 
be requi red  f o r  the  Ti-5A1-2.5Sn wrought s a m p l e  a t  room t e m p e r a t u r e ,  and 
a compacted powder block over 20 inches wide would be requi red  f o r  t h e  
corresponding powder specimen. 
from long i tud ina l  specimens, i n  which case the  powder samples  could be p r e -  
pared by hot ex t rus ion .  
Such sample  s izes  are more e a s i l y  produced 
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TABU XIV. MINIMUM SPECIMEN SIZE TO INSURE PLAIN-STRAIN CONDITIONS IN WROUGHT 
AND POWDER SPECIMENS OF Ti-6A;-4V (ELI) AND Ti-5A1-2.5Sn (ELI) 
* 
Alloy Temp. Direction Thickness Width Length 2.5 (\/YS)2 
(OF) (inches ) (inches) (inches) (inches) 
B W L 
[from Table XIII] [ =2B] [=4W+O .4in ,min] 
i -6A 1 -4V RT. L 1.8 2.7 5.4 22 
T 2.1 3.2 6.4 26 wrought ) 
-320 L 1.2 1.8 3.6 15 
T .96 1.44 2.9 12 
-423 L 1.65 2.4 4.8 19 
T 1.11 1.7 3.4 14 
i -6A 1 -4V RT L 1.20 1.8 3.6 13 
T .92 1.4 2.8 12 powder) 
-320 L .54 .81 1.62 7 
T .48 .72 1.44 7 
I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
-423 L .33 .50 1.0 5(valid as is) 
T .33 . 50 1.0 5(valid as is) . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
i-5A1-2.5Sn RT L 1.6 2.4 4.8 19 
T 3.1 4.6 9.2 37 wrought) 
-320 L 1.3 2 .o 4.0 17 
T 1.2 1.8 3.6 15 
-423 L 1.65 2.4 4.8 19 
T 1.11 1.7 3.4 14 
'i-5A1-2.5Sn RT L 1.40 2.1 4.2 18 
T 1.56 2.34 4.7 20 powde r ) 
-320 L .96 1.44 2.9 12 
T * 99 1.50 3.0 13 
-423 L .62 * 93 1.86 8 
. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
T .73 1.10 2.2 9.5 
*Thickness = 1-1/2 l2.5 (ys) 5 2  1
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CONCLUSIONS 
This program demonstrated t h a t  of the  f i v e  powder-making processes i n -  
ves t iga t ed ,  on ly  the  Rotat ing Elec t rode  Process (REP) w a s  capable of pro- 
ducing ELI-grade t i t an ium a l l o y  powder. 
made.from the  REP Ti-6A1-4V and Ti-5A1-2.5Sn powders w a s  1000 ppm o r  less. I n  
comparison, t he  compacts made from powder produced by the  hydride-dehydride 
process ,  the  mechanical a t t r i t i n g  of  ch ips ,  f luid-energy (gas) m i l l  a t t r i t i n g  
of ch ips ,  and chemical reduct ion  had oxygen contents  ranging from 1600 t o  over 
8000 ppm. 
The oxygen content  of compacted bodies 
A l l  powders, except  those made by chemical reduct ion ,  could be compacted 
t o  f u l l  d e n s i t y  a t  a t e m p e r a t u r e l p r e s s u r e  combination of 1650OF and 75 
tons/ inch2.  The chemically reduced powder could no t  be compacted t o  over 
96.6 percent  dens i ty  a t  1850'F and 100 tons / inch2 ,  t h e  h ighes t  temperature/  
pressure combination inves t iga t ed .  
The as-compacted powder samples possessed only l imi ted  d u c t i l i t y ,  wi th  
e longat ion  values  ranging from 0 t o  7.5 percent.  The REP powder samples 
developed over 10 percent  e longat ion  and 40 percent  reduct ion  i n  a rea  a f t e r  
fou r  hour annea ls  a t  1775'F. 
Blocks hot-pressed from the  s p h e r i c a l  REP powders had t e n s i l e  p rope r t i e s  
equ iva len t  t o  o r  b e t t e r  than those obtained from wrought bar .  I n  p a r t i c u l a r ,  
the  powder Ti-6A1-4V block specimens were s t ronge r  and more d u c t i l e  than the  
wrought bar  samples  a t  a l l  t e s t  temperatures, i n  both long i tud ina l  and t r a n s -  
verse  d i r e c t i o n s .  The powder Ti-5A1-2.5Sn samples showed t h i s  same s u p e r i o r i t y  
i n  the  t r ansve r se  d i r e c t i o n  only.  Longitudinal. powder specimens of t h i s  
a l l o y  were e i t h e r  weaker o r  less d u c t i l e  than corresponding wrought samples. 
P l a i n - s t r a i n  f r a c t u r e  toughness tests showed t h a t  t he  sample s i z e  chosen 
was too  small f o r  v a l i d  tests t o  be performed. For specimens as tough as 
these ,  it would be necessary t o  double o r  t r i p l e  specimen dimensions t o  provide 
p l a i n - s t r a i n  condi t ions  during t e s t i n g .  
Although v a l i d  values  were no t  obtained,  a comparison of t he  d a t a  i s  
poss ib le ,  s i n c X h 2 k e  powder and wrought specimens were of the  same s ize  
and shape. A l l  t he  powder specimens e x h i b i t  apparent  lower toughness than  the  
wrought samples, a t  a l l  temperatures. The d i f f e r e n c e  i n  between wrought 
and powder specimens ranges from approximately 5 percent  room temperature 
t o  20 t o  30 percent  a t  -423'F. 
formed before  a conclusion could be drawn as t o  the  s u i t a b i l i t y  of powder f o r  
cryogenic app l i ca t ions .  
More conclusive tests would have t o  be per- 
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RECOMMENDATIONS 
It would. be most d e s i r a b l e  t o  ob ta in  v a l i d  p l a i n - s t r a i n  f r a c t u r e  tough- 
ness d a t a  on wrought and powder specimens. Since it is impractical t o  work 
with the  l a rge  s e c t i o n  s i z e s  requi red  f o r  t r ansve r se  specimens, it is  recom- 
mended t h a t  a d d i t i o n a l  work be confined t o  the  f a b r i c a t i o n  and t e s t i n g  of 
long i tud ina l  specimens, f o r  the  two t i tan ium a l l o y s ,  a t  t he  t h r e e  tempera- 
tures inves t iga t ed  i n  the  present  work. Such long powder specimens can be 
made wi th  l i t t l e  d i f f i c u l t y  by the  hot ex t rus ion  of canned powders, and the re  
should be no problems i n  obta in ing  comparable wrought s tock .  
It would a l s o  be d e s i r a b l e  t o  s tudy  the  inf luence  of ex t rus ion  tempera- 
t u r e  and hea t  t reatment  on the  f r a c t u r e  toughness of powder t i t an ium a l l o y s .  
The combination of f i n e  g r a i n  s i z e  and chemically homogeneous s t r u c t u r e  pro- 
duced i n  the  powder specimens would seem t o  be a sound bas i s  f o r  t he  develop- 
ment of maximum f r a c t u r e  toughness a t  room and a t  cryogenic temperatures.  
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